Abstract: The present study was undertaken to identify potentially immunoreactive proteins of the muscle larvae (ML) and adult stage (Ad) of the nematode Trichinella spiralis 2ZHQ 7R LGHQWLI\ LPPXQRUHDFWLYH SURWHLQV WKDW DUH VSHFL¿FDOO\ UHFRJQLVHG E\ anti-Trichinella antibodies, ML and Ad crude extracts and their excretory-secretory (E-S) products were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot with serum samples from pigs experimentally infected with T. spiralis $ WRWDO RI EDQGV ZHUH VHOHFWHG IRU ¿QDO LGHQWL¿FDWLRQ E\ OLTXLG FKURPDWRJUDSK\WDQGHP PDVV VSHFWURPHWU\ 7R IXUWKHU XQGHUVWDQG WKH IXQFWLRQV RI WKH SURWHLQV LGHQWL¿HG LQ WKLV VWXG\ JHQH RQWRORJ\ WHUPV ZHUH DSSOLHG 5HVXOWV VKRZHG WKDW WKH VSHFL¿F DQtibodies against T. spiralis reacted with protein bands matching heat shock proteins, aminopeptidase, enolase, isocitrate dehydrogenase NADP-dependent, tropomyosin, P49 antigen, serine proteinase, secreted 5'-nucleotidase, antigen targeted by protective antibodies, 53 kDa E-S antigen, putative trypsin and paramyosin. Three proteins common for both adult stage and muscle larvae, including heat shock proteins, enolase and 5'-nucleotidase, might play important role during T. spiralis infection. These proteins are presumably presented to the host immune system and may induce humoral immune response. Thus, these proteins may be potential antigens for early diagnosis and the development of a vaccine against the parasite.
Trichinella spiralis Owen, 1835 is an intracellular parasitic nematode of mammalian skeletal muscles. All lifestages of the parasite, including adult (Ad), newly-born larvae (NBL) and muscle larvae (ML) express a complex of proteins involved in host invasion, parasite survival and the generation of antibody responses in infected animals. Some of these proteins are suitable for immunodiagnosis and vaccine development.
During the last 10 years a number of papers concerning WKH LGHQWL¿FDWLRQ RI SURWHLQV RI VSHFLHV RI Trichinella (Owen, 1835) that might be useful for the development of a vaccine DJDLQVW SDUDVLWH D VSHFL¿F VHURORJLFDO GLDJQRVWLFV LQFOXGLQJ VSHFLHVVSHFL¿F GLDJQRVWLFV IRU GHWHFWLRQ RI HDUO\ LQIHFWLRQV have been published (Bolas-Fernandez and Corral Bezara 2006 , Wu et al. 2009 , Zocevic et al. 2011 , Bien et al. 2012 .
Most studies have focused on the immunogenicity of ML proteins/antigens of T. spiralis because they are released and presented to the host immune system twice: by ingested larvae in the intestine, and again when the new generation of ML becomes resident in muscle cells. Thus, ML proteins are suggested to have a functional role in the induction of key immune responses both at the intestinal DQG PXVFOH OHYHO WKDW SURWHFWV WKH KRVW IURP VXEVHTXHQW infection with T. spiralis (see Appleton et al. 1991, BolasFernandez and Corral Bezara 2006) .
ELISA and immunoblot are the most commonly used methods for the detection of anti-Trichinella antibodies. The use of excretory-secretory E-S ML antigens for early detection of infection with T. spiralis has not been useful, as in hosts which receive a low dose of T. spiralis the antibody response is delayed by several weeks. Gottstein et al. (2009) revealed that in swine infected with 100 or 500 T. spiralis 0/ WKH 0/ VSHFL¿F DQWLERGLHV ZHUH GHWHFWHG IURP ± ZHHNV SRVW LQIHFWLRQ ZSL DQG ± ZSL UHVSHFWLYHO\ 0RUH-over, several studies have emphasised that E-S ML proteins contain components that can cross-react with sera from persons affected by other diseases including echinococcosis or cysticercosis and thus may not give reliable results in diagnostics (Jung et al. 2007 , Gottstein et al. 2009 ).
Only a small number of reports are associated with NBL of T. spiralis or Ad antigens that stimulate strong immunity and are effective in protecting the host (Wang and Bell 1987a ,b, Wang 1997 , Salinas-Tobon et al. 2007 Our previous studies have focused on the analysis of the immune response of pigs against crude extracts of ML, Ad, NBL and E-S Ad and E-S ML after infection with 200 or 20 000 T. spiralis ML (Bien at al. 2013) . It has been shown that an antigen with a molecular weight of approximately 41 kDa, together with antigens localised between 20 and 27 kDa, as well as between 59 and 105 kDa, were produced by all of the examined life stages of T. spiralis, and were recognised by almost all experimentally infected pigs. These results indicated that T. spiralis produces some characteristic antigens throughout its development within the PDPPDOLDQ KRVW 7KH LGHQWL¿FDWLRQ RI WKHVH SURWHLQV FRXOG be crucial for diagnostic studies.
The searching for antigens derived from new born larvae and adult worms recognised by pigs infected with T. spiralis for the early diagnosis and protection is a necessary step to control trichinellosis. Taking into account the fact that antifecundity effects and immunity to the NBL develops in T. spiralis-infected pigs and that very rapid gut expulsion does not occur in domestic swine (Murrell 1985, Marti DQG 0XUUHOO LGHQWL¿FDWLRQ RI LPPXQRJHQLF SURWHLQV characteristic for adult stage is important for diagnosis and SURWHFWLRQ 7KLV FRQ¿UPV WKDW LPPXQH UHVSRQVHV DW WKH JXW level is important and perhaps responsible for much of the LQKLELWLRQ UHÀHFWHG DV UHGXFWLRQ LQ WKH HVWDEOLVKPHQW RI muscle larvae.
The aim of present study was to identify the presence of antigenic proteins produced by muscle larvae and adult worms of T. spiralis, which are known to elicit an immune response in infected hosts and thus hold promise as potential target proteins for immunodiagnostics. The iden-WL¿FDWLRQ RI WKHVH SURWHLQV LQ LQIHFWHG SLJV ZLOO DOVR KHOS facilitate vaccine development. In this study, we integrated the 1D immunoblot analysis and mass spectrometry (MS) approaches.
MATERIALS AND METHODS

Collection and preparation of proteins
Adult worms and muscle larvae of Trichinella spiralis (strain ISS-003) were isolated and crude extracts (C) of Ad and ML (C Ad and C ML) as well as excretory-secretory proteins of Ad and ML (E-S Ad and E-S ML) were collected as described previously (Bien et al. 2013 ).
SDS-PAGE and immunoblot
Protein samples from E-S Ad, E-S ML, C Ad and C ML were diluted with loading buffer (Sigma-Aldrich Co., St. Louis, USA) XS WR D FRQFHQWUDWLRQ RI ȝJODQH ERLOHG IRU PLQ DQG FHQWULfuged at 12 000× g at 4 °C for 10 min. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 12% acrylamide separating gels and 4% acr-\ODPLGH VWDFNLQJ JHOV LQ D 0LQL3527($1 &HOO HOHFWURSKRUHVLV XQLW %LR5DG +HUFXOHV &$ 86$ DW 9 IRU PLQ $IWHU electrophoresis, the gel was stained with silver. Immunoblot was used to verify which of the protein bands visible in SDS-PAGE UHDFW ZLWK VSHFL¿F DQWLVHUD )RU WKLV SXUSRVH T. spiralis ML and Ad proteins were transferred onto nitrocellulose membranes for treatment with sera from pigs experimentally infected with T. spiralis. Based on immunoblot results published in a previous study (Bien et al. 2013) , the early (15 dpi) and late (45 dpi) infection sera were used in the present study. The blots were cut into strips, which were then immunostained using serum from one pig experimentally infected with 200 ML of T. spiralis. Strips with C Ad and E-S Ad proteins were incubated with serum taken at 15 days post infection (dpi), and strips with C ML and E-S ML proteins were incubated with serum taken at 45 dpi, according to previously experimental results (Bien et al. 2013) . Serum sample taken at 0 dpi was used as negative control. Serum samples were GLOXWHG DQG LQFXEDWHG IRU K DW URRP WHPSHUDWXUH 57 Goat anti-pig IgG conjugated to horse-radish peroxidase (Bethyl Laboratories Inc., Montgomery, TX, USA) used as second antibody was diluted 1 : 1 500, added to each strip and incubated for K DW 57 %DQGV ZHUH YLVXDOLVHG ZLWK SIGMAFAST™ 3.3'-Diaminobenzidine (Sigma-Aldrich Co.). The reaction was stopped by washing the strips with distilled water (Bien et al. 2013 ).
Proteomic analyses -mass spectrometric and protein identi-¿FDWLRQ
Mass spectrometric ( 
RESULTS
Trichinella spiralis protein analysis by SDS-PAGE
In an attempt to identify parasite antigens, proteins were UHVROYHG E\ 6'6±3$*( DQG VWDLQHG ZLWK VLOYHU (OHFWUR-SKRUHWLF SUR¿OHV RI (±6 SURGXFWV RI T. spiralis and C Ad and ML are shown in Figs. 1, 2A ,B, lane 1. Protein pro-¿OHV RI (6 0/ DQG & 0/ DQWLJHQV ZHUH SUHVHQW LQ WKH area between 10 and 100 kDa (Fig. 1A,B, lane 1) . Silver staining of E-S Ad and C Ad showed that the majority of VSHFL¿F EDQGV DUH SUHVHQW LQ WKH DUHD DURXQG DQG N'D ( Fig. 2A,B, lane 1) .
Immunoblot analysis of proteins of adults and muscle larvae of Trichinella spiralis
The results of the immunoblot of ML and Ad proteins are shown in Figs. 1A Fig. 2A,B, lane 2) .
7KHVH SURWHLQ EDQGV PDUNHG DV ¶± ¶ ZHUH PDWFKHG WR WKH FRUUHVSRQGLQJ SURWHLQ EDQGV PDUNHG DV ± LQ silver stained gels (Figs. 1A,B, 2A,B; lane 1) . The named bands were selected for further analysis by MS. Lane 3 (Figs. 1A,B, 2A,B) represent negative control.
,GHQWL¿FDWLRQ RI SURWHLQV RI Trichinella spiralis using mass spectrometry $ WRWDO RI EDQGV QDPHG ¶± ¶ ZHUH VHOHFWHG IURP JHOV EDQGV ± IRU WKH ¿QDO LGHQWL¿FDWLRQ E\ /&06 MS (Figs. 1A,B, 2A,B) . Searching the NCBI non-redundant database using the Mascot search engine with peptide masses and fragmentation spectra obtained by LC-MS/MS DQDO\VLV LGHQWL¿HG WKH VHOHFWHG EDQGV DV SURWHLQV IURP VSHcies of Trichinella. From the aforementioned bands only ZHUH VXFFHVVIXOO\ LGHQWL¿HG 7DEOH )LJ VHYHUDO RI WKH LGHQWL¿HG LPPXQRUHDFWLYH EDQGV FRQWDLQHG PRUH WKDQ one protein. 
SURWHLQ FRXOG QRW EH LGHQWL¿HG (6 0/ ± H[FUHWRU\VHFUHWRU\ SURWHLQV RI PXVFOH ODUYDH & 0/ ± FUXGH H[WUDFW RI PXVFOH ODUYDH (6 $G ± H[FUHWRU\VHFUHWRU\ SURWHLQV RI DGXOW VWDJH & $G ± FUXGH H[WUDFW RI DGXOW VWDJH
In the T. spiralis E-S ML protein pattern, immunoblot revealed three protein bands (Fig. 1A , lane 2, bands 1', 2', 3') recognised by serum at 45 dpi, which were matched to the P49 antigen, serine proteinase and 5'-nucleotidase.
In the T. spiralis & 0/ SURWHLQ SDWWHUQ ¿YH EDQGV ZHUH VSH-FL¿FDOO\ UHFRJQLVHG E\ WKH VHUXP )LJ % ODQH EDQGV ¶± ¶ 7KHVH UHDFWLYH SURWHLQ EDQGV RI T. spiralis C ML ZHUH
LGHQWL¿HG DV DQWLJHQ WDUJHWHG E\ SURWHFWLYH DQWLERGies, 53 kDa excretory/secretory antigen, serine protease, enolase, 5'-nucleotidase, putative trypsin, heat shock pro-WHLQ +VS DQG SDUDP\RVLQ In the T. spiralis (6 $G SDWWHUQ WKH EDQGV VSHFL¿FDOO\ UHFRJQLVHG E\ VHUXP DW GSL ZHUH LGHQWL¿HG DV T. spiralis large tegumental protein and pancreatic alpha-amylase ( Fig. 2A, lane 2 , bands E-S Ad 9', 10'). Band 11', which was present in the E-S Ad T. spiralis protein pattern and was recognised by infective serum, was not positively LGHQWL¿HG E\ /&0606 )LJ $ ODQH ,Q WKH T. spiralis & $G SDWWHUQ WKH SURWHLQ EDQG ¶ VSHFL¿FDOO\ UHFRJnised by infective serum (Fig. 2B, lane 2) was matched to the T. spiralis 5'-nucleotidase. Bands 13' and 14' contained more than one protein and were matched to the heat shock SURWHLQV +VS DQG 8'31DFHW\OJOXFRVDPLQH GLSKRVSKRrylase and chaperone protein DnaK, respectively. 7KH VSHFL¿F DQWLERGLHV DJDLQVW T. spiralis were found to react with protein bands (Fig. 2B , lane 2, bands C Ad 15', 16', 17', and 18') matching to the ATP synthase F1, aminopeptidase A/I, enolase, isocitrate dehydrogenase NADPdependent and tropomyosin.
Functional categories of proteins from adult stage and muscle larvae of Trichinella spiralis by gene ontology
Gene ontology signatures of 18 out of the 19 proteins LGHQWL¿HG ZHUH DYDLODEOH 7R IXUWKHU XQGHUVWDQG WKH IXQF-WLRQV RI WKH SURWHLQV LGHQWL¿HG LQ WKLV VWXG\ ZH TXHULHG against the UniProt database and those resultant pro-WHLQV ZHUH FODVVL¿HG LQWR PROHFXODU IXQFWLRQ DQG ELRORJL-FDO SURFHVV DFFRUGLQJ WR *2 KLHUDUFK\ XVLQJ 4XLFN*2 KWWSZZZHELDFXN )LJV $±' )RU WKH PROHFXlar function ontology, 11 subcategories were assigned for adult stage proteins, of which the activities of binding and catalytic activity were the two major molecular function categories. Among the adult stage proteins most 
C
of the assigned binding activity could be assigned to ion binding (GO:0043167, 9, 21%), small molecule binding (GO:0036094, 6, 14%), organic cyclic compound binding (GO:0097159, 6 14%), heterocyclic compound binding (GO:1901363, 6 , 14%), carbohydrate derivative binding (GO:009736, 4, 9%) and to NAD binding (GO:0051287, 1, 2%). The proteins in the catalytic activity group also can be FODVVL¿HG LQWR VXEJURXSV EDVHG RQ WKH VSHFL¿F IXQFWLRQV The majority of proteins are related to hydrolase activity (GO:0016787, 5, 12%), transferase activity (GO:0016740, 2, 5%) and transporter activity (GO:0005215, 1, 2%) (Fig. 4A). )RU WKH PROHFXODU IXQFWLRQ RQWRORJ\ WKH FODVVL¿FDWLRQ results showed that the muscle larvae proteins were divided into 7 subcategories. Most of the assigned molecular functions could be assigned to hydrolase activity (7, 35%), ion binding (3, 15%), small molecule binding (2, 10%), heterocyclic compound binding (2, 10%) and organic cyclic compound binding (2, 10%) (Fig. 4B) .
In the category of biological process, a large part of adult stage of proteins of T. spiralis were related to metabolic process (GO:0008152, 10, 40%), cellular process (GO:0009987, 6, 24%) and single-organism process (GO:0044699, 5, 20%). Less commonly, the proteins were involved in response to stress (GO:0006950, 2, 8%) and WUDQVSRUW *2 )LJ & $ VLJQL¿FDQW SDUW RI PXVFOH ODUYDH SURWHLQV ZHUH FODVVL¿HG WR PHWDbolic process (8, 50%), cellular process (3, 19%), singleorganism process (2, 12%) and response to stress (1, 6%) (Fig. 4D) .
DISCUSSION
,GHQWL¿FDWLRQ RI SURWHLQV RI Trichinella spiralis is very important in elucidating host-parasite interactions, and is a key factor which will help researchers in the development of immunological detection methods and vaccines to control infection with T. spiralis (Liu et al. 2013a , Zocevic et al. 2011 , Bolas-Fernandez and Corral Bezara 2006 , Wang and Bell 1987a . Application of classical immunoblot and SURWHRPLF WHFKQLTXHV VXFK DV PDVV VSHFWURPHWU\ DUH YHU\ XVHIXO LQ WKH LGHQWL¿FDWLRQ RI WKHVH SURWHLQV The present study was undertaken to identify proteins of T. spiralis with potential for early serological diagnosis of trichinellosis and effective vaccine. To meet this goal the SDS-PAGE analysis was conducted to estimate the size of proteins of muscle larvae and adult worms of T. spiralis. An immunoblot was used to verify which of these proteins react with anti-Trichinella antibodies.
In the present study, a total of 18 immunoreactive bands ZHUH VHOHFWHG IURP 6'63$*( JHOV IRU ¿QDO LGHQWL¿FDWLRQ E\ /&0606 2I WKHVH SURWHLQ EDQGV ZHUH LGHQWL¿HG and represented 19 different proteins. Some of the identi-¿HG LPPXQRUHDFWLYH EDQGV FRQWDLQ PRUH WKDQ RQH SURWHLQ In such situation we were looking for the proteins known from their immunogenic properties. Additionally, to further understand the functions of the T. spiralis proteins identi-¿HG LQ WKLV VWXG\ WKHVH SURWHLQV ZHUH FDWHJRULVHG EDVHG on the GO annotation of biological process and molecular functions, which might be related i.e. to the invasion of host tissues and cells, larval migration or molting.
In patterns of proteins of T. spiralis (muscle larvae and DGXOW ZRUPV WKH VSHFL¿F DQWLERGLHV DJDLQVW T. spiralis re-DFWHG ZLWK SURWHLQ EDQGV FRQWDLQLQJ +VS DPLQRSHSWLGDVH enolase, isocitrate dehydrogenase NADP-dependent, tropomyosin, P49 antigen, serine proteinase, 5'-nucleotidase, antigen targeted by protective antibodies, 53kDa E-S antigen, putative trypsin, isocitrate dehydrogenase, NADPdependent, phosphoglycerate kinase and paramyosin (Table 1, Fig. 3 ). Three of these proteins were common for both of the developmental stages of T. spiralis +VS HQRlase, and 5'-nucleotidase. In our study, three out of 17 im-PXQRUHDFWLYH EDQGV ZHUH LGHQWL¿HG DV FRQWDLQLQJ +VS which play a role in protection of the parasite against stress RU LQMXU\ +VS DUH LQYROYHG LQ WLVVXH LQYDVLRQ LQWUDFHOOXODU survival as well as in binding antigens and presenting them WR WKH LPPXQH V\VWHP 9D\VVLHU HW DO 0DUWLQH] HW al. 2000 , Devaney 2006 , Nishikawa et al. 2008 , Kampinga and Craig 2010 .
Many of the earlier published studies showed that these proteins are highly conserved among different species and highly immunogenic during infection caused by different of pathogens, i.e. Toxoplasma gondii (Nicolle et Manceaux, 1908) , Leishmania donovani (Laveran et Mesnil, 1903) (Gounaris 2002 , Liu et al. 2013b .
Three protein bands including E-S ML products (band 3), C ML (band 6) and C Ad (band 12) represent the enzyme, 5'-nucleotidase. A previous study showed the SUHVHQFH RI WKLV SURWHLQ LQ WKH (6 SURWHLQ SUR¿OH PXVFOH larvae of T. spiralis and showed that 5'-nucleotidase was LGHQWL¿HG DV D SURWHLQ FRPPRQ WR WKH (6 SURWHRPHV RI T. spiralis and T. britovi 3R]LR OD5RVD 0XUUHOO HW /LFK-WHQIHOV 5RELQVRQ HW DO %LHQ HW DO (QRODVH ZDV ¿UVW LGHQWL¿HG LQ FUXGH H[WUDFWV RI PXVFOH larvae but not in the E-S products (Nakada et al. 2005) . Bernal et al. (2004) revealed that enolase, through the activation of plasminogen (a proenzyme of the serine protease SODVPLQ LV LQYROYHG LQ PDQ\ SURFHVVHV LQFOXGLQJ ¿EULQRO-ysis and degradation of the extracellular matrix. Moreover, this enzyme may contribute to tissue migration during all developmental stages of T. spiralis (Nakada et al. 2005) . Dea-Ayuela and Bolas-Fernandez (2005) , using a combina-WLRQ RI ' LPPXQREORWW DQG 06 FRQ¿UPHG WKH LPPXQRreactive property of enolase. In our study, this enzyme has been found in protein bands selected from crude extracts of muscle larvae (band 5) and the adult stage (band 16).
In conclusion, adult worms and muscle larvae of T. spiralis produce proteins with antigenic properties, some of ZKLFK ZHUH LGHQWL¿HG LQ RWKHU KHOPLQWK VSHFLHV DV SRWHQtial targets for diagnostics and vaccine candidates. In addition, our results showed the presence of three proteins, common for both of the examined developmental stages, which may play an essential role during intestinal phase of infection. These antigens are presumably exposed to the host immune system, and may induce a humoral immune response making them potential antigens for development of an early diagnostic method and vaccine against parasite.
